The decapping of eukaryotic mRNA s is a key step in their degradation. The heteroheptameric L sm1p-7p complex is a general activator of decapping and also functions in protecting the 3Ј ends of deadenylated mRNA s from a 3Ј-trimming reaction. L sm1p is the unique member of the L sm1p-7p complex, distinguishing that complex from the functionally different L sm2p-8p complex. To understand the function of L sm1p, we constructed a series of deletion and point mutations of the LSM1 gene and examined their effects on phenotype. These studies revealed the following: (i) Mutations affecting the predicted RNAbinding and inter-subunit interaction residues of L sm1p led to impairment of mRNA decay, suggesting that the integrity of the L sm1p-7p complex and the ability of the L sm1p-7p complex to interact with mRNA are important for mRNA decay function; (ii) mutations affecting the predicted RNA contact residues did not affect the localization of the L sm1p-7p complex to the P-bodies; (iii) mRNA 3Ј-end protection could be indicative of the binding of the L sm1p-7p complex to the mRNA prior to activation of decapping, since all the mutants defective in mRNA 3Ј end protection were also blocked in mRNA decay; and (iv) in addition to the Sm domain, the C-terminal domain of L sm1p is also important for mRNA decay function.
M
ESSENGER RNA (mRNA) turnover is an impor-1992; Decker and Parker 1993; Hsu and Stevens 1993; tant control point in the regulation of gene ex- Muhlrad et al. 1994 Muhlrad et al. , 1995 Beelman et al. 1996 ; Dunckley pression. Numerous examples of genes regulated at the and Parker 1999; . In the 3Ј to 5Ј level of mRNA stability are known to date (Hentze pathway, deadenylated mRNAs are degraded in a 3Ј to 1991; Peltz et al. 1991 ; Abler and Green 1996; Guhan-5Ј exonucleolytic manner by the exosome (Muhlrad iyogi and Brewer 2001; Parker 2001b). et al. 1995; Anderson and Parker 1998) . Several studies have shown that mRNA decay factors Decapping is a crucial step in the 5Ј to 3Ј decay pathand decay pathways are well conserved in eukaryotes way because it is the site of several regulatory inputs from yeast to humans (Seraphin 1992; Couttet et al. (Coller and Parker 2004) . Moreover, a large number 1997; Wang and Kiledjian 2001;  of proteins affect decapping in addition to the decapDecker and Parker 2002; Liu et al. 2002; Lykke- ping enzyme. The translation initiation machinery and Andersen 2002; Van Dijk et al. 2002 , 2003 ; Wang et the poly(A)-binding protein are antagonistic to decapal. 2002; Piccirillo et al. 2003; Tseng-Rogenski et al. ping (Caponigro and Parker 1995; Coller et al. 1998; 2003) . Parker 1999, 2000; Vilela et al. 2000 ; In eukaryotes, wild-type mRNAs primarily degrade via Ramirez et al. 2002 ; Khanna and deadenylation-dependent decay pathways that involve Kiledjian 2004). Conversely, several other factors func-5Ј to 3Ј or 3Ј to 5Ј mode of degradation of the mRNA tion as activators of decapping. They include Pat1p, body. In yeast, deadenylation is carried out by the Ccr4p Dhh1p, Lsm1p-7p complex, Edc1p, Edc2p, and Edc3p complex . In the 5Ј to 3Ј decay (Hatfield et al. 1996; Boeck et al. 1998 ; Bonnerot et pathway (also known as the "deadenylation-dependent al. 2000; Bouveret et al. 2000; Tharun et al. 2000 ; decapping pathway"), this is followed by decapping by Wyers et al. 2000; Coller et al. 2001; Dunckley et al. the decapping enzyme (Dcp1p-2p complex) that ex-2001; Fischer and Weis 2002; Schwartz et al. 2003 ; poses the body of the message to 5Ј to 3Ј exonucleolytic Kshirsagar and Parker 2004) . decay by the exonuclease Xrn1p (Muhlrad and Parker The Lsm1p-7p complex is particularly interesting as a decapping activator for several reasons. First, it is a highly conserved component of eukaryotic mRNA decay 1 way, including the decapping activators Pat1p and Dhh1p subunit that is either Lsm1p or Lsm8p. However, it is not known what features of Lsm1p and Lsm8p dictate and the 5Ј to 3Ј exonuclease Xrn1p (Bonnerot et al. 2000; Bouveret et al. 2000; Tharun et al. 2000 ; Coller their respective roles. The mechanism by which Lsm1p-7p complex actiet al. 2001) . Third, in vivo, it associates with a pool of deadenylated mRNPs that is bound to the decapping envates decapping is not clear. It is also not known how the decapping activation function is related to the mRNA 3Ј zyme and targeted for decay but distinct from translating mRNPs (Tharun and Parker 2001a) . Fourth, several end protection function. Given the structural similarity of the Lsm1p-7p complex to the Lsm2p-8p and the studies suggest that in addition to mRNA decapping, this complex is also involved in protecting mRNA 3Ј ends Sm complexes, a reasonable model would be that similarity also exists at a mechanistic level in the manner in from trimming (Boeck et al. 1998; He and Parker 2001) . Finally, mammalian cells overexpressing Lsm1p show a which these complexes function. Importantly, given that transformed phenotype, suggesting a possible role for the Sm complex and several Sm-like protein complexes Lsm1p in growth control (Schweinfest et al. 1997;  (including the Lsm2p-8p complex) have been shown Gumbs et al. 2002) .
to directly bind to their RNA substrates to execute their The Lsm1p-7p complex, which is conserved in all functions (Achsel et al. 1999 (Achsel et al. , 2001 Raker et al. 1999 ; eukaryotes, is a heptameric complex made of seven pro- Toro et al. 2001; Moller et al. 2002; Schumacher et teins, Lsm1p through Lsm7p. The Lsm ("Like Sm") al. 2002) , it is likely that the Lsm1p-7p complex also proteins are homologous to the Sm proteins and these directly binds to mRNAs to protect their 3Ј ends and proteins form a family of protein complexes that into activate their decapping. This is consistent with the cludes complexes found in eubacteria, archaea, and earlier co-immunoprecipitation analyses, which reeukaryotes (Achsel et al. 1999 (Achsel et al. , 2001 Kambach et al. vealed that the Lsm1p-7p complex associates with dead-1999; Collins et al. 2001; Mura et al. 2001; Toro et al. enylated mRNAs in vivo (Tharun et al. 2000; Tharun 2001; Moller et al. 2002; Schumacher et al. 2002) .
and Parker 2001a). If this is true, then, disrupting the Individual members of this protein family are characterinteraction of the Lsm1p-7p complex with RNA should ized by the presence of a bipartite sequence motif, reimpair both mRNA 3Ј end protection and decapping ferred to as the Sm domain. The Sm domain consists activation functions. of two conserved segments of amino acids (Sm motifs Recent studies have shown that the decapping and I and II) separated by a nonconserved segment of vari-5Ј to 3Ј exonucleolysis of mRNAs occur in discrete cytoable length (Cooper et al. 1995; Hermann et al. 1995;  plasmic structures called processing bodies (P-bodies), Seraphin 1995) .
where Xrn1p, the various decapping factors including These Sm and Lsm proteins also show similarity in the Lsm1p through Lsm7p proteins, and mRNA moletheir tertiary structure and the quarternary structure of cules targeted for decay are localized (Ingelfinger et the complexes they form. Typically, they exist in cells al. Van Dijk et al. 2002; Sheth and Parker 2003 ; in the form of ring-shaped hexa or heptameric com- Cougot et al. 2004) . However, it is not known how the plexes (Achsel et al. 1999 (Achsel et al. , 2001 Kambach et al. 1999;  Lsm1p-7p complex and the other decay factors are Collins et al. 2001; Mura et al. 2001; Toro et al. 2001;  recruited to the P-bodies. Moller et al. 2002; Schumacher et al. 2002; Zaric et To identify the critical regions of the Lsm1p protein al. 2005) . For example, the seven Sm proteins conserved and to determine how they are related to the functions in all eukaryotes associate into a ring-shaped heptameric of Lsm1p, we undertook a mutagenic analysis of Lsm1p. "Sm complex" (Kambach et al. 1999 ) that assembles Structural and biochemical studies in the past have idenonto the U1, U2, U4, and U5 snRNAs to form the cores tified residues in the Sm domain of Sm proteins and of the corresponding spliceosomal snRNPs (Lerner archaeal Sm-like proteins that are involved in RNA and and Steitz 1981; Luhrmann et al. 1990 ). On the other inter-subunit interactions (Kambach et al. 1999; Mura hand, there are eight Lsm proteins (Lsm1p through et al. 2001 , 2003 Toro et al. 2001; Urlaub et al. 2001 ). Lsm8p) conserved in all eukaryotes and they appear to Therefore, we predicted that the homologous residues form two heptameric complexes (Salgado-Garrido et in Lsm1p could have similar roles, mutated such resial. 1999; Bouveret et al. 2000; Tharun et al. 2000) .
dues, and examined the effect of such mutations on the One complex, consisting of Lsm1p through Lsm7p profunctions of Lsm1p. In addition, we also examined the teins, is an activator of mRNA decapping (Boeck et al. roles of other residues within the Lsm1p, including 1998; Bouveret et al. 2000; Tharun et al. 2000) , while those in the conserved C-terminal domain following the the other made of Lsm2p through Lsm8p proteins funcSm domain. tions in pre-mRNA splicing by forming the core of U6 These studies revealed the following: snRNP (Cooper et al. 1995; Pannone et al. 1998 Pannone et al. , 2001  i. Mutations affecting the predicted RNA-binding sur- Achsel et al. 1999; Mayes et al. 1999; Salgado-Gar- face of Lsm1p lead to impairment of mRNA decay rido et al. 1999). Thus, although involved in very differwithout significantly affecting the localization of the ent functions, the Lsm1p-7p and Lsm2p-8p complexes share six of their seven subunits and differ in only one Lsm1p-7p complex to the P-bodies. Thus, interac-For all experiments, cells were grown at 25Њ in Ϫura medium tions with mRNA are critical for activation of decapand collected at log phase. For examination of P-bodies (experiping but not for recruitment of the Lsm1p-7p comments in Figure 5 and Figure 6 ), cells grown to log phase plex to P-bodies.
were collected, incubated in glucose-free medium for 10 min,
ii. Lesions in the predicted inter-subunit interaction doand then observed using confocal microscope. Confocal microscopy was done as described (Sheth and Parker 2003;  mains also lead to significant impairment of mRNA Teixeira et al . 2005) .
decay indicating the importance of the Lsm1p-7p complex integrity for mRNA decay. iii. All the mutants that are defective in mRNA-3Ј end RESULTS protection are also defective in mRNA decay, suggesting that 3Ј end protection could be indicative Mutagenesis of LSM1: Structural and biochemical studies have been conducted on the human Sm subcomof the Lsm1p-7p complex-mRNA interaction that leads to decapping activation.
plexes and several archaebacterial Sm-like protein complexes in the past (Kambach et al. 1999; Mura et al. iv . In addition to the Sm domain, the extended C-terminal domain of Lsm1p is also important for the func-2001 , 2003 Toro et al. 2001; Urlaub et al. 2001) . Such studies revealed the crucial amino acid residues-involved tion of the Lsm1p-7p complex.
in (Tharun et al . 2000) (between ␤-strands 4 and 5), while many of the residues and the resulting transformants were used for the experiinvolved in inter-subunit interactions are located in ments. yRP1365 carrying pRS416 served as the negative con-␤-strands 2, 3, and 4. The 3D structure of the Sm domain trol.
of the yeast Lsm1p generated using the homology-based
For the experiments in Figure 5 , an lsm1⌬ strain express- and LSM7-GFP-HIS3 ) or yRP 2010 (genotype the same as to 104 (I, F, M, and I) and L64 were changed to charged ES11301 except that it is MATa and LSM2-GFP-HIS3 ). yRP residues, since hydrophobicity was predicted to be cru- and E107 are mutated in lsm1-14. The loop 3 residue Regions of primary sequence targeted in the mutant alleles, lsm1-1 through lsm1-24, are underlined. The allele number is given directly below the part of primary sequence targeted in each of these mutant alleles. Residues replacing the wild-type sequence are indicated in italics above the appropriate wild-type residues. Triangles following (alleles 25 and 26) or preceding (27-29) allele numbers point to the last of the residues deleted from the N and C termini, respectively, in those deletion alleles. Amino acid residues shown in boldface and italicized boldface letters are predicted to be involved in inter-subunit or RNA contacts, respectively. Regions of L sm1p predicted to form the secondary structural elements (N-terminal ␣-helix, ␣1, and the five ␤-strands, ␤1 through ␤5) characteristic of the Sm and Lsm proteins are also indicated. Primary sequence stretches indicated by long and short shaded areas are Sm motifs I and II, respectively, of the Sm domain. Amino acid residue numbers are indicated on the right of each line. (b) Location of the residues implicated in inter-subunit and RNA contacts in the predicted three-dimensional structure of the Sm domain of L sm1p. Tertiary structure of the Sm domain of L sm1p was generated using the homology-based modeling program 3D-JIGSAW (Bates and Sternberg 1999; Bates et al . 2001 ; Contreras-Moreira and Bates 2002) using the known tertiary structure of the archebacterial Sm-like protein, Smap1, from Pyrobaculum aerophilum as the template. Regions in green and pink contain residues implicated in inter-subunit contacts and RNA contacts, respectively. Residues targeted in our study are indicated in boldface letters. Various secondary structural elements like the N-terminal ␣-helix (␣1), the five ␤-strands (␤1 through ␤5), and the loop regions are also indicated. (c) Alignment of yeast L sm1p with human L sm1p using the ClustalW program. Long and short shaded areas indicate Sm motifs I and II of yeast L sm1p. Residues in boldface or italicized boldface letters indicate those predicted to be involved in inter-subunit and RNA contacts, respectively. Portions of the primary sequence forming the Sm domain and the N-and C-terminal extensions are indicated above the primary sequence. The bottom line in each block indicates the yeast L sm1p residues that are either identical (*) or replaced with a similar residue (o) in the human L sm1p. Amino acid residue numbers are indicated on the left and right (for the lower block) of the primary sequence. For both proteins, the entire primary sequence is shown.
D72 was mutated along with R69 located in ␤-strand 2 inside the Sm domain. Changes were restricted to four or fewer neighboring residues in all the mutants. in lsm1-8. N76, Y74, R105, and E107 were predicted to form the RNA-binding pocket while D72 and G106 were Finally, to address the role of the regions of Lsm1p that are outside the Sm-domain, we also made five delepredicted to be important in holding N76 in the proper orientation. While G106 was changed to a tryptophan, tion mutants. These included lsm1-25 and lsm1-26 that had, respectively, 17 and 36 amino acids deleted from other residues were replaced with alanines ( Figure 1 , a and b).
the N terminus and lsm1-27 through lsm1-29 that had 55, 43, and 28 amino acids, respectively, deleted from All the clusters of charged residues in Lsm1p whose function could not be readily predicted on the basis the C terminus ( Figure 1a) . Importantly, in these mutants, the Sm domain was left intact so that the mutant of sequence homology were replaced with alanines to generate the mutants lsm1-1 through lsm1 -5, lsm1-10 proteins are likely to fold into the proper tertiary structure that is characteristic of the Sm-like proteins. through lsm1-12, and lsm1-15 through lsm1-24 ( Figure  1a ). These included residues in the regions flanking or Mutants were made as described in materials and methods by introducing the changes in the LSM1 gene First, we observed that among the three lsm1 alleles bearing mutations in the predicted RNA-binding resi-(with its native promoter and 3Ј-UTR sequences) cloned in a CEN vector with URA3 marker. The plasmids cardues (i.e., lsm1-8, lsm1-9, and lsm1-14), lsm1-8 and lsm1-14 were unable to grow at 36Њ, while lsm1-9 was able rying the wild-type and the various mutant versions of LSM1 were transformed into the lsm1⌬ strain yRP1365 to grow very slowly. These results provide the first indication that these residues are important for so that the plasmid-borne gene is the only source of Lsm1p protein in the cell. The lsm1⌬ strain transformed Lsm1p function. However, the ability of lsm1-9 cells to grow at 36Њ, albeit slowly, suggests that at least with the empty vector pRS416 and the recombinant vector carrying the wild-type LSM1 gene were used as some parts of the RNA-binding surface can undergo mutation without affecting viability at high temperathe negative and positive controls, respectively, in all experiments and referred to as lsm1⌬ and wild type, ture. Second, we observed that all the three lsm1 alleles bearrespectively. The mutants were studied for temperature sensitivity, mRNA decay, and mRNA 3Ј end protection ing mutations in the predicted inter-subunit contact residues, lsm1-6, lsm1-7, and lsm1-13 were unable to as described below.
LSM1 mutations resulting in temperature sensitivity grow at 36Њ just like lsm1⌬. These results support the idea that these residues are required for Lsm1p funcof growth: lsm1⌬ cells are temperature sensitive for growth at higher temperatures (Mayes et al. 1999) . Eartion. Third, we observed that large deletions in the region of lier studies had suggested that the temperature sensitivity of the lsm1⌬ cells is likely to be related to their mRNA Lsm1p that is C-terminal to the Sm domain lead to temperature-sensitive growth as shown by the inability 3Ј-end-trimming phenotype (He and Parker 2001) . Therefore, as a first assay for the function of the mutant of the alleles lsm1-27 and lsm1-28 to grow at 36Њ. The mutant lsm1-29, which bears the shortest deletion of Lsm1p proteins, we studied their ability to support growth at high temperature. To this end, growth of the mutant this C-terminal region, grew slowly at 36Њ. These observations indicate that residues outside the Sm domain and the wild-type cells on Ϫura plates was examined at 25Њ and 36Њ. As expected, at 25Њ both of the control strains are also likely to be important for Lsm1p function. Fourth, we observed that mutations in or deletion of LSM1 and lsm1⌬ were able to grow, while at 36Њ, lsm1⌬ cells were unable to grow. Analysis of the growth of the the stretch of amino acids N-terminal to the Sm domain did not affect growth at any temperature, sugmutants revealed the following (Tables 1 and 2) : gesting that this region is not critical for Lsm1p funca chromosomal location in our strains (Hatfield et al. 1996) . The MFA2pG mRNA decays by deadenylationtion. Similarly, several other mutations affecting small dependent decapping followed by 5Ј to 3Ј exonucleoclusters of charged residues distributed throughout lytic digestion by Xrn1p (Muhlrad et al. 1994) . The the protein were all tolerated, suggesting that none MFA2pG mRNA also contains a poly(G) insertion in its of these regions by itself is of major importance for 3Ј-UTR that forms a strong secondary structure in vivo the function of Lsm1p.
and blocks Xrn1p in cis. This results in the stable accuFinally, although all the strains were able to grow in mulation of the degradation intermediate called poly(G) Ϫura plates at 25Њ, differences in growth rates could fragment in vivo. As a result, in strains where decapping be observed. As expected, lsm1⌬ cells grew much is defective, the accumulation of the poly(G) fragment more slowly than the wild-type cells. Further, a subset is decreased. Thus, the relative levels of the poly(G) of the mutants unable to grow at 36Њ showed slow growth fragment and the full-length mRNA at steady state in a at 25Њ, similar to lsm1⌬. They were lsm1-7, lsm1-8, lsm1-strain can be used as a first approximation of the effi-13, and lsm1-27 (not shown). These strains and lsm1-9 ciency of decapping of this reporter mRNA in that strain and lsm1-14 were also slow growing in liquid cul- (Hatfield et al. 1996; Cao and Parker 2001) . Theretures at 25Њ.
fore, we first identified the lsm1 mutants defective in Effect of LSM1 mutations on mRNA decay: A key set mRNA decay on the basis of their inability to accumulate of experiments examined the effect of the lsm1 mutathe poly(G) fragment at sufficient levels. This was foltions on mRNA decay. For this experiment, we utilized lowed by a direct measurement of the MFA2pG mRNA the MFA2pG reporter mRNA system. This mRNA is exhalf-life in such mutants to fully confirm the mRNA decay phenotype. pressed under the control of the GAL promoter from Figure 2. -Relative levels of poly(G) fragment and full-length MFA2pG mRNA in lsm1 mutants. Cells were grown in Ϫura medium with galactose as the sole carbon source to log phase when they were collected and RNA extracted. RNA was separated on polyacrylamide gel and subjected to Northern analysis using oligo probe for MFA2pG mRNA. Bands were visualized and quantitated using the PhosphorImager. lsm1 alleles carried by the strains from which RNA was made are indicated above the lanes. Predicted function of the residues targeted in the important mutants and the nature of the deletions in the deletion mutants are also indicated above the allele names. All strains are deleted for the chromosomal copy of LSM1 and carry the indicated alleles on a CEN vector as mentioned in materials and methods. The lsm1⌬ strain carries empty vector. LSM1ϩdT indicates RNA from wild-type cells subjected to oligo(dT)-mediated RNaseH reaction before running on the gel. Positions of normal and trimmed full-length MFA2pG mRNA and poly(G) fragment are indicated on the left. % poly(G) fragment and % trimmed poly(G) fragment are given below the lanes. % poly(G) fragment is calculated by taking the total signal [i.e., total full length plus total poly(G) fragment] as 100%. % trimmed poly(G) fragment is calculated by taking the total poly(G) fragment (i.e., trimmed fragment plus normal fragment) as 100%.
As shown in Figure 2 , fragment levels relative to the ing a clear defect in mRNA decapping (Figure 3 ). full length (quantitated using the PhosphorImager) While lsm1-8 showed a strong phenotype (comparable were very low in lsm1⌬ cells ‫%51ف(‬ of total signal) to lsm1⌬), lsm1-9 and lsm1-14 showed a moderate phecompared to the wild-type cells ‫%04ف(‬ of total signal).
notype. These results argue that RNA binding is reIt should be noted that because both the MFA2pG fullquired for Lsm1p's role in mRNA decapping. length mRNA and the poly(G) fragment accumulate 3Ј-Second, we observed that mutations in the predicted trimmed species in addition to the normal species (see inter-subunit contact residues, lsm1-6, lsm1-7, and below) in lsm mutants (He and Parker 2001) , the intenlsm1-13 all showed defects in decapping as assessed sities of normal and trimmed species were added up to by both the levels of mRNA decay fragment and the determine the levels of the full-length mRNA and the accumulation of deadenylated full-length mRNA (Figfragment. ure 2). Again, measurement of the MFA2pG mRNA Figure 2 also reveals the strong accumulation in the decay rate in these mutants revealed a prolonged halflsm1⌬ strain of the deadenylated full-length MFA2pG life, indicating a clear defect in mRNA decapping mRNA. This is characteristic of strains defective in de- (Figure 3 ). The lsm1-7 and lsm1-13 alleles were almost capping (Beelman et al. 1996 ; Dunckley and Parker as strong as a null allele, whereas the lsm1-6 allele 1999; Tharun et al. 2000) .
showed a moderate phenotype. Thus, these results Examination of the various mutants revealed the folsupport the idea that maintenance of inter-subunit lowing:
contacts is of critical importance for Lsm1p's function. First, mutants with lesions in the predicted RNA-binding Third, we observed that deletions within the C-terminal surface, lsm1-8, lsm1-9, and lsm1-14 all showed defects extension (lsm1-27, lsm1-28, and lsm1-29) resulted in in mRNA decay. Each mutant showed a decreased a clear inhibition of mRNA decapping as assessed by accumulation of the mRNA decay intermediate relaboth the poly(G) fragment levels and the accumulative to the full-length mRNA. In addition, all three tion of deadenylated mRNA (Figure 2 ). In fact, even alleles accumulated deadenylated full-length mRNAs, fusing a FLAG-peptide at the C terminus of otherwise consistent with a defect in decapping (Figure 2 ). Morewild-type Lsm1p (lsm1-31; Table 2 ) led to a partial over, measurement of MFA2pG mRNA decay rate in these mutants showed a prolonged half-life, indicatdefect in mRNA decapping (Figure 2 ). These observa-ever, the alleles lsm1-16 through lsm1-24, which carry lesions in different clusters of charged amino acids residing in the C-terminal domain, failed to show any significant growth or mRNA decay defects, indicating that smaller perturbations in this domain can be tolerated (Table 2) . Fourth, we observed that mutations (lsm1-1 through lsm1-4) or deletions (lsm1-25 and lsm1-26) in the Lsm1p primary sequence that is N-terminal to the Sm domain did not lead to any significant decapping defect as assessed from the accumulation of the poly(G) fragment or deadenylated full-length mRNA ( Figure  2 and Table 2 ). This observation was consistent with these lesions not affecting growth at high temperature (Table 2) . Similarly, mutations in the nonconserved region that is located between the Sm motifs I and II (lsm1-11 and lsm1-12) also did not lead to any significant phenotype (Table 1 ). This suggests that the residues affected in these mutants do not play a major role in Lsm1p function.
Effect of LSM1 mutations on mRNA-3 end protection:
We also examined the effect of the lsm1 alleles on the protection of the mRNA 3Ј end from a trimming reaction. Specifically, earlier studies (Boeck et al. 1998; He and Parker 2001) showed that in lsm1 through lsm7 mutants several mRNAs accumulate species that are truncated at their 3Ј ends by ‫01ف‬ to 20 nucleotides ("trimmed species") in addition to the normal fulllength species in vivo. This indicates that the Lsm1p-7p complex is involved in protecting mRNA 3Ј ends in vivo. In the case of MFA2pG and PGK1pG mRNAs, poly(G) fragments generated from these mRNAs also accumulate as normal and trimmed species in the lsm mutants (He and Parker 2001) . While the trimmed and normal species of full-length mRNA run very close together in the gel, the trimmed poly(G) fragment and normal poly(G) fragment are more easily separable. Therefore, Figure 3 .-MFA2pG mRNA half-life in lsm1 mutants. Cells determining the ratio of the two species of the poly(G) were grown as described for Figure 2 . At log phase, they were fragment is a convenient way to assess the degree of collected and resuspended in fresh Ϫura medium containing glucose but no galactose. Aliquots of culture were removed mRNA-3Ј end protection occurring in a given strain. dicted to be involved in RNA and inter-subunit contacts showed significant accumulations of trimmed fragment, with lsm1-7, lsm1-8, lsm1-9, lsm1-13, and lsm1-14 showing strong defects. The mutant lsm1-6 showed a moderate tions were further supported by the longer half-life accumulation of the trimmed fragment that is consistent of MFA2pG mRNA in these mutants (Figure 3) . These with the moderate decapping defect seen in this mutant. results indicate that the C terminus has an important function in Lsm1p's role in mRNA decapping. HowFurther, the C-terminal deletion mutants lsm1-27, lsm1- Figure 4. -Comparison of the L sm1p protein levels in wild-type and lsm1 mutant cells. Cells were grown in Ϫura liquid medium at 25Њ and collected at log phase. Lysates were made from the various strains (indicated on top of the lanes) and subjected to Western analysis as described in materials and methods to visualize the L sm1p protein. Species of higher mobility seen in several lanes (marked by arrowheads) are presumably degraded fragments of L sm1p. The mutant protein produced in lsm1-13 shows an aberrant lower mobility than wild-type L sm1p in spite of being equal to the wild-type protein in length.
28, and lsm1-29 and the C-terminal FLAG-tagged allele dicted RNA-binding surfaces of Lsm1p affect the recruitment of either Lsm1p or the other Lsm proteins lsm1-31 also showed higher levels of trimmed fragment. These results demonstrate a strong correlation between to the P-bodies. First, we examined the intracellular localization of the impairment of mRNA decapping and the inability to protect mRNA 3Ј end from trimming, suggesting that the GFP-tagged forms of the mutant proteins Lsm1-9p and Lsm1-14p (which bear lesions in the predicted these two functions are related (see discussion).
Expression of mutant Lsm1p proteins: It is possible RNA-binding surface of Lsm1p) or wild-type Lsm1p.
We performed the studies with cells subjected to stress that some of the mutants described above show a strong phenotype due to their inability to accumulate the mu-(incubation in glucose-free medium for 10 min) since P-bodies are larger and more easily visualized in stressed tant Lsm1p adequately. To test this possibility, we comcells than in cells that are not subjected to stress (Teixepared Lsm1p expression in the lsm1 mutants that are ira et al. 2005). We observed that both Lsm1-9p and defective in mRNA decay and wild-type cells, by Western Lsm1-14p localized to P-bodies just like the wild-type analysis of the lysates prepared from the corresponding Lsm1p protein ( Figure 5 ). This indicates that the RNAstrains using anti-Lsm1p antiserum. Cells grown in Ϫura binding surface of Lsm1p is not absolutely required for liquid medium at 25Њ and collected at log phase were the recruitment of Lsm1p to the P-bodies. used for making the lysates. As seen in Figure 4 , the Next, we examined how defects in Lsm1p affect the decay-defective mutants, lsm1-6, lsm1-8, lsm1-9, lsm1-13, localization of other components of the Lsm1p-7p comand lsm1-14 expressed the mutant protein at levels complex. We examined the localization of Lsm2p-GFP or parable to wild-type protein. On the other hand, the Lsm7p-GFP in LSM1, lsm1-9, lsm1-14, and lsm1⌬ cells results showed that the Lsm1p band was very weak or that were subjected to stress. We observed that neither undetectable in the lysates of mutants lsm1-7, lsm1-27, Lsm7p-GFP nor Lsm2p-GFP was localized to P-bodies and lsm1-28. At present, it is not clear whether this is in lsm1⌬ cells (Figure 6 ). However, both Lsm2p-GFP due to low accumulation of the mutant Lsm1p in these and Lsm7p-GFP localized to P-bodies in the lsm1-9 and cells or due to loss of reactivity of the mutant protein lsm1-14 mutants ( Figure 6 ). Therefore, these results sugwith the antibodies as a result of the mutations/delegest that even when the direct contacts between Lsm1p tions (especially in the case of lsm1-27 and lsm1-28 that and RNA are impaired, Lsm1p could be recruited to have large deletions). the P-bodies by virtue of its interactions with the other Effect of mutations affecting the predicted RNA-consubunits of the Lsm1p-7p complex. tacting surfaces of Lsm1p on the localization of the Lsm proteins to P-bodies: Recent studies have suggested that decapping and the 5Ј to 3Ј degradation of mRNA DISCUSSION occur in discrete cytoplasmic structures called P-bodies, where the Lsm1p through Lsm7p proteins and many
The mechanism by which the Lsm1p-7p complex other decay factors including the decapping enzyme activates mRNA decapping is not known. Since Lsm1p are concentrated in both yeast and mammalian cells is the distinguishing subunit of this complex, we have (Ingelfinger et al. 2002; Van Dijk et al. 2002; analyzed the critical functional features of this protein. and Parker 2003; Cougot et al. 2004) . It is not known Our results support the idea that the functioning of how the Lsm1p through Lsm7p proteins are recruited the Lsm1p-7p complex is similar to the other Sm-like to the P-bodies, although studies in mammalian cells protein complexes at a mechanistic level. When the have suggested that these proteins need to be a part of Lsm1p residues that are likely to function in inter-subthe Lsm1p-7p complex to be efficiently recruited to unit contacts and RNA binding were predicted on the the P-bodies (Ingelfinger et al. 2002) . One possibility basis of the homology of Lsm1p to other Sm-like prois that the interaction of the Lsm1p-7p complex with teins (for whom such residues were identified experi-RNA is important for the recruitment of the Lsm1p-7p mentally) and mutagenized, it resulted in mRNA decay complex to the P-bodies. To test this possibility, we perdefects. This indicates that the organization of such crucial residues is similar between Lsm1p and other formed experiments to determine if lesions in the pre-the region C-terminal to the Sm domain led to significant mRNA decay defects (Table 2) . Thus, the Lsm1p protein appears to have two critical regions for function.
Several observations indicate that the stretch of amino acids N-terminal to the Sm domain of Lsm1p (residues 1 to 26) is not required for Lsm1p function. First, deletions or point mutations in this region do not affect growth at high temperature (Table 2) . Second, they also do not affect mRNA decapping as assessed by the ability to accumulate poly(G) fragment or deadenylated mRNA (Table 2 and Figure 2) . Third, this region is almost completely absent in the human homolog of Lsm1p, although the region C-terminal to the Sm domain is reasonably well conserved in the human protein (Figure 1c) . In fact, even in fungal species that are very closely related to Saccharomyces cerevisiae, the N-terminal extension is not highly conserved.
Our results argue that the C-terminal extension of Lsm1p is required for its function. Lsm1p has a 61-amino-acids-long region C-terminal to the Sm domain that is absent in other members of the Sm-like protein family. The following observations indicate that this region is important. First, inhibited mRNA decay (Figures 2  and 3 ). Although the Western analyses indicate that the mutant (truncated) Lsm1p accumulation may be severely reduced in lsm1-27 and lsm1-28, they reveal normal accumulation of Lsm1-29p, indicating that at least the phenotype of lsm1-29 is attributable to the deletion (Figure 4) . Second, the allele lsm1-31, which is a fusion of the FLAG peptide at the C terminus of an otherwise wild-type Lsm1p was also defective in mRNA decay and makes normal levels of the fusion protein (Figures 2,  3 , and 4). Importantly, fusion of the FLAG epitope at the N terminus of Lsm1p has no effect on mRNA decay or mRNA 3Ј end protection (not shown). Finally, all the C-terminal deletion mutants were also defective in mRNA 3Ј end protection (Figure 2) . The functional importance of Lsm1p's C-terminal extension is also supported by the observation that it is reasonably well con- affected in the C-terminal domain due to a frameshift observed by confocal microscopy as described in materials and methods.
mutation is able to suppress the lethality of pab1⌬ like several other decapping mutants, including lsm1⌬ (Caponigro and Parker 1995; Boeck et al. 1998; Sm-like proteins. Further, this is also consistent with the Wyers et al. 2000) . Surprisingly, our studies also indiidea that just like the other Sm-like protein complexes, cate that smaller perturbations in the C-terminal extenthe Lsm1p-7p complex also needs to directly bind to sion of Lsm1p can be tolerated, since the alleles lsm1-the RNA substrate to act on it (i.e., activate decapping).
15 through lsm1-24 (each of which carry changes in a Our studies indicate that most of the residues that small set of neighboring charged residues in the region are crucial for Lsm1p function reside in the conserved C-terminal to the Sm domain) do not show any defect regions, Sm motifs I and II, of the Lsm1p protein. Mutain mRNA decay. This could be because multiple reduntions affecting any small set of neighboring residues dant sites in this region mediate functionally important located outside these regions did not lead to any signifiinteractions, perhaps as part of a larger protein-protein interaction surface. cant mRNA decay defects, although large deletions in Our results indicate that the residues of Lsm1p that the fact that neither the primary sequence nor the length of this region is conserved among the members are predicted (on the basis of homology) to be involved in inter-subunit contacts are indeed crucial for Lsm1p of the Sm-like protein family. Given this, the primary function of this loop may be to provide a structural function. This is shown by the significant mRNA decay defect exhibited by the mutants in which these residues turn between the third and fourth ␤-sheets in the core structure. are changed (lsm1-6, lsm1-7, and lsm1-13; see Figures 2 and 3). Although Western analyses revealed that the The Sm and Sm-like protein complexes are known to bind directly to their substrate RNA molecules as accumulation of the mutant Lsm1p may be severely impaired in lsm1-7, they showed normal levels of accushown by several studies (Achsel et al. 1999 (Achsel et al. , 2001 Raker et al. 1999; Toro et al. 2001; Moller et al. 2002 ; mulation in the case of Lsm1-6p and Lsm1-13p. Since the residues mutated in these alleles are homologous Schumacher et al. 2002) . Our studies suggest that in an analogous manner, the Lsm1p-7p complex could to the experimentally determined inter-subunit contact residues in other Sm-like proteins, these observations also bind directly to mRNA. This is supported by the observation that all the three mutants affected in the are consistent with the idea that homologous regions serve similar functions in the different Sm-like proteins.
residues predicted to play a key role in RNA binding (lsm1-8, lsm1-9, and lsm1-14) are impaired in mRNA Importantly, these results suggest that Lsm1p needs to be a part of the Lsm1p-7p complex to execute its funcdecay. This indicates that the ability to directly interact with mRNA is important for the mRNA decapping function efficiently. Recent studies have identified cytoplasmic structures, referred to as P-bodies, which are the tion of the Lsm1p-7p complex. Further, these results also suggest that the Lsm1p-7p complex is similar to the sites of decapping (Sheth and Parker 2003; Cougot et al. 2004) . Mutations in human Lsm4p that are predicted Sm complex and the other Sm-like protein complexes in the organization of its RNA contacting surfaces and the to disrupt its interactions with other Lsm proteins inhibit its entry into P-bodies (Ingelfinger et al. 2002) .
manner in which it contacts RNA. Studies in mammalian cells have shown that human Therefore, it is possible that in lsm1-6 and lsm1-13, the defect in decapping is due to the inefficient targeting
Lsm4p cannot be recruited to P-bodies if its interactions with the other subunits of the Lsm1p-7p complex are of Lsm1p to P-bodies.
Despite the clear importance of the Sm domain for disrupted by mutations (Ingelfinger et al. 2002) . Our results in Figure 6 show that Lsm2p-GFP and Lsm7p-Lsm1p function, mutations in the region that separates the Sm motifs I and II failed to have any effect on mRNA GFP are not concentrated in P-bodies in lsm1⌬ cells, indicating that the recruitment of these proteins to decay. This region corresponds to loop 4 in the modeled tertiary structure of Lsm1p (Figure 1b) . Both lsm1-11 P-bodies is dependent on Lsm1p. Thus, together these results support the idea that the recruitment of any of and lsm1-12, which bear lesions in this region, were able to grow at 36Њ and accumulate wild-type levels of poly (G) the subunits of the Lsm1p-7p is dependent on the ability of that subunit to be incorporated into the Lsm1p-7p fragment (Table 1) . This observation is consistent with complex. Therefore, it is likely that the Lsm1p-7p comage of yeast mRNAs contain a short stretch of U residues at their 3Ј end (Graber et al. 1999) . Given plex is recruited as a unit to the P-bodies. On the other hand, our results also indicate that mutations disrupting the fact that the Lsm1p-7p complex interacts with and affects the decay of multiple mRNAs (Tharun the predicted RNA-binding surfaces of Lsm1p do not affect the recruitment of the mutant Lsm1p or the other et al. 2000; Tharun and Parker 2001a), this supports the idea that the Lsm1p-7p complex binds subunits of the Lsm1p-7p complex to the P-bodies (Figures 5 and 6 ). This supports the idea that the mutations to the 3Ј ends of deadenylated mRNAs in vivo. in lsm1-9 and lsm1-14 affect the inter-subunit interacOn the basis of these observations, we propose that tions and, hence, the assembly of the Lsm1p-7p comfollowing deadenylation, the Lsm1p-7p complex diplex only minimally if at all. Since both lsm1-9 and lsm1-rectly interacts with the 3Ј end of the deadenylated 14 mutants are defective in mRNA decay and 3Ј end mRNAs, which results in the protection of the mRNA protection, these results further suggest that the Lsm1p 3Ј end. Further, this interaction also triggers mRNP can be recruited to the P-bodies by virtue of its interacrearrangement events that ultimately result in the activations with the other subunits of the Lsm1p-7p complex, tion of decapping. Importantly, mRNA 3Ј end proteceven when the direct interactions between Lsm1p and tion by itself could be a crucial cellular function of the RNA are disrupted.
Lsm1p-7p complex, since it could potentially regulate Our results document a strong correlation between the rate of 3Ј to 5Ј decay of the mRNA. Such a control the ability of Lsm1p to promote decapping and its ability could be very important in the case of mRNAs whose to protect the 3Ј end from trimming. The key observamajor mode of decay is the 3Ј to 5Ј decay pathway. tion is that all the mutants that are defective in mRNA Consistent with this, the studies of He and Parker 3Ј protection are also defective in mRNA decay (Tables (2001) suggest that the temperature sensitivity of lsm1⌬ 1 and 2 and Figures 2 and 3 ). This is consistent with cells is due to the increased susceptibility to (exosome the model that an initial step in the activation of decapand ski proteins mediated) 3Ј to 5Ј degradation of some ping is the interaction of the Lsm1p-7p complex with mRNAs that are essential at high temperature. Thus, the 3Ј end of the mRNA substrate, and the 3Ј end protecfor such mRNAs, the Lsm1p-7p complex could have tion is a consequence of such an interaction. a protective/stabilizing (rather than decay-promoting) An unresolved issue is the binding specificity of the function. Although recent studies have suggested that Lsm1p-7p complex and where on the mRNA this commRNA decay occurs in P-bodies ( gesting that 3Ј to 5Ј decay is likely to occur outside 3Ј-UTR), also strongly co-immunoprecipitates with the P-bodies. Thus, the major outcome of Lsm1p-7p Lsm1p. This suggests that the 3Ј-UTR of this mRNA binding could be different for mRNAs that degrade contains a possible Lsm1p-7p complex-binding site.
outside (stabilization) and inside (activation of decapiii. The Lsm2p-8p and the Lsm2p-7p complexes that ping and decay) the P-bodies. are closely related to the Lsm1p-7p complex bind This work was supported by funds from the National Institutes of to the 3Ј ends of their substrates, the U6 snRNA Health (GM45443) and the Uniformed Services University of the Health Sciences (C071GY). and snR5, respectively (Achsel et al. 1999; Fernandez et al. 2004) . iv. The fact that several deadenylated mRNAs accumulate as 3Ј trimmed species (truncated at their 3Ј 
